We revisit the compatibility between chaotic inflation, which provides a natural solution to the initial condition problem, and the metastable electroweak vacuum, which is suggested by the results of the LHC and the current mass measurements of top quark and Higgs boson. It is known that chaotic inflation poses a threat to the stability of the electroweak vacuum because it easily generates large Higgs fluctuations during inflation or preheating and triggers the catastrophic vacuum decay. In this paper, we propose a simple cosmological solution in which the vacuum is stabilized during chaotic inflation, preheating and afterwards. This simple solution naturally predicts the formation of primordial black holes. We find interesting parameter regions where the present dark matter density is provided by them. Also, the thermal leptogenesis can be accommodated in our scenario.
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I. INTRODUCTION
Inflation has now become an essential part of the standard cosmology. It elegantly solves major problems of Big Bang cosmology, namely the horizon/flatness problems, and simultaneously provides the origin of primordial density fluctuations [1] [2] [3] [4] [5] as observed by the Planck satellite [6] . The idea of chaotic inflation [7] is particularly attractive among many mechanisms proposed so far. This is because it persists under large quantum fluctuations at the very beginning of the Universe, i.e. Planck time. Therefore, the initial condition problem is naturally solved. In addition, as a result of the trans-Planckian field excursion, large primordial tensor perturbations are predicted [8, 9] , which makes this paradigm testable in the forthcoming future. The current upper bound on the tensor-to-scalar ratio of r < 0.07 (95% C.L.) is given by the combined analysis of Planck and BICEP2/Keck Array [10] .
The results of LHC experiments strongly support that the Standard Model (SM) would be valid above the electroweak scale, contrary to the naturalness argument. It is tempting to think boldly that there is no new physics beyond the SM up to very high energy scales, say the Planck scale. Interestingly, the current measurements of top and Higgs masses suggest that our vacuum is likely to be metastable if there are no new physics contributions to the Higgs potential [11] [12] [13] [14] [15] . The lifetime of our vacuum exceeds the current age of the Universe [16, 17] , and the energy scale, h max , above which the four-point coupling becomes negative is around 10 10 GeV for the best-fit values of SM parameters [14, 15] .
We assume that the Universe experiences the chaotic inflationary epoch at its very early stage, taking the initial condition problem seriously. Then, the metastability of our vacuum leads to an interesting consequence: a stabilization mechanism, such as a positive Hubble-induced mass term, is required so as to save the vacuum during inflation [16, [18] [19] [20] . The Higgs-curvature coupling, ξRĤ †Ĥ , plays this role naturally, since the Higgs universally couples to all the would-be inflatons, regardless of the chaotic inflationary dynamics before the last one responsible for the observed CMB fluctuations. Here ξ is the non-minimal coupling, R is the Ricci scalar andĤ is the Higgs doublet. There is a lower bound on the non-minimal coupling, ξ (0.1), so that the Hubble-induced mass is effective during inflation [16, 21] .
After the inflation, however, this effective mass term oscillates between positive and negative values owing to the coherent oscillation of inflaton. As a result, large Higgs fluctuations are produced by the tachyonic resonance [22] [23] [24] , potentially triggering the vacuum decay. One of the authors put an upper bound on the coupling, ξ (10), above which the resonance immediately activates the vacuum decay [25] . 1 Moreover, even for the non-minimal coupling satisfying these bounds, say ξ ∼ (1), production of large Higgs fluctuations is probable. Although the oscillation-averaged mass term from ξRĤ †Ĥ is still large enough right after the end of resonance in this case, this mass term drops faster than the Higgs fluctuations by the cosmic expansion afterwards, and eventually the vacuum decay could occur.
Let us rephrase this issue in a more intuitive way. As already mentioned, if the SM plasma remains close to thermal equilibrium, it is known that the lifetime of the electroweak vacuum is longer than the current age of the Universe, even with T ∼ M pl for the best-fit values of SM parameters [16, 17] . Hence, one possible answer may be to generate the hot Universe adiabatically after chaotic inflation. The first example is to take the non-minimal coupling small enough, for instance close to the conformal coupling ξ = 1/6 [24] . Another one would be efficient production of electroweak gauge bosons and top quarks during thermalization. In particular, the direct decay of the inflaton to SM particles, which is required for a complete reheating may be helpful. Yet, this mechanism strongly depends on thermalization processes and further studies are required.
In this paper, we propose a simple cosmological solution in which the vacuum is always stabilized during chaotic inflation, preheating, and afterwards in a wide range of ξ, without modifying the Higgs potential. Our scenario consists of SM plus the curvature coupling and two inflations. We assume that a new inflation [27, 28] takes place after the end of the last chaotic inflation which provides density perturbations observed today. The initial condition problem of the new inflation is solved dynamically during the chaotic inflation [29] . Note that the new inflation has to start before the onset of the vacuum decay in the inflaton oscillation regime after the chaotic inflation. Hence, its scale must be close to the chaotic one. After the beginning of the new inflation, the Higgs quickly settles down to its potential origin again thanks to the curvature coupling. The crucial difference between new inflation and the chaotic one is that, after inflation, the inflaton oscillates with an amplitude that is much smaller than the Planck scale. Hence, even the narrow resonance does not take place after the new inflation. Although the gravitational Higgs production [30] right after the new inflation is inevitable [24] , we can avoid this constraint for a suitable choice of the new inflation scale.
Moreover, the new inflation can produce primordial black holes (PBHs) because it is free from the COBE normalization in our scenario [31] [32] [33] [34] . A sizable amount of PBHs can be produced in a wide range of PBH mass, or only within a narrow range, depending on model parameters. We demonstrate that PBHs can be a dominant component of dark matter (DM) in both cases. Also, the reheating temperature tends to be high because the new inflation scale has to be close enough to avoid the decay of the electroweak vacuum. The predicted value is consistent with the thermal leptogenesis [35] in most of the parameter regions. Therefore, our model can be regarded as one of minimal scenarios consistent with the idea of chaotic inflation and the metastable electroweak vacuum.
II. CHAOTIC INFLATION AND METASTABLE VACUUM
First of all, let us briefly recall the motivation of chaotic inflation models and the reason for a Planckian field value. As emphasized in the Introduction, chaotic inflation is special, for it can take place under natural initial conditions:
where φ is a scalar field, l is the size of the Universe and H is the Hubble parameter. As a result, it can occur even in a closed Universe, which otherwise would collapse within (M −1 pl ). In order for chaotic inflation to take place, its potential should satisfy the slow roll condition. It may be characterized by the smallness of potential slow roll parameters ε V , |η V | 1 where
As an illustration, suppose that the potential is dominated by V ∼ λ n φ n /n. Interestingly, the initial condition V ∼ M 4 pl indicates that a typical initial field value is much larger than the Planck scale for λ n 1 (in Planck unit) which is suggested by the slow roll conditions. In addition, one can see that the slow roll condition is violated typically at φ end ∼ M pl . Therefore, chaotic inflation begins with φ M pl , and ends at φ ∼ M pl . After that, the inflaton starts to oscillate with a Planckian amplitude, which could trigger the vacuum decay by producing large Higgs fluctuations.
Next, we summarize basic properties of the metastable electroweak vacuum in the chaotic inflation paradigm. In a quasi de Sitter Universe during inflation, light fields whose mass is smaller than the Hubble parameter H develop fluctuations with an amplitude of H /2π, which corresponds to the Gibbons-Hawking temperature [36] . The field value of Higgs, h max , above which the Higgs four-point coupling turns into negative, is around 10 10 GeV for the best-fit values of SM parameters, although it strongly depends on the top quark mass [14, 15] . In the following discussion, we take the center value as a reference unless otherwise stated. Since a typical value of the Hubble parameter during chaotic inflation, H ch ∼ 10 14 GeV, is much larger than this scale, longwavelength modes of Higgs easily climb over the potential barrier. Namely, our vacuum decays via the Hawking Moss instanton [37] . Thus, there is a severe tension between chaotic inflation and the Higgs metastability.
The curvature coupling, ξRĤ †Ĥ , provides a natural solution because the Higgs field couples with would-be inflatons universally. Here ξ is the non-minimal coupling, R is the Ricci scalar andĤ is the Higgs doublet. As a result, it yields a sizable Hubble-induced mass term regardless of the chaotic inflationary dynamics, until the end of the last one responsible for density perturbations observed today. During inflation, it induces an effective mass squared of 12ξH 2 . Hence, our vacuum is stabilized against fluctuations for the non-minimal coupling satisfying ξ (0.1) [16, 21] . However, as already mentioned in the beginning of this section, the curvature coupling oscillates violently after inflation due to the coherent oscillation of the inflaton with a Planckian amplitude. As a result, the Higgs acquires large fluctuations in the preheating stage, which poses a threat to the stability of our vacuum again. In the rest of this section, we briefly repeat the main results given in Ref. [25] .
The Einstein equation relates the Ricci curvature with a trace of the energy momentum tensor. In the inflatondominated era, the curvature can be expressed as
where φ is a real scalar field which causes chaotic inflation and V (φ) is its potential. One can see that the effective mass term oscillates between positive and negative values. Therefore, the tachyonic resonance takes place [22] [23] [24] . We adopt the following mode expansion of the Higgs field:
where we denote one component of the Higgs field as h, k is a comoving momentum, a (t ) is the scale factor, h k is a mode function of the Higgs field, andâ
The normalization of the Wronskian condition is taken to be h kḣ * k − h * kḣ k = i . Ignoring interactions with SM fields, one obtains the following mode equation:
For simplicity, suppose that the inflaton oscillates under a quadratic potential after inflation. 2 Then the inflaton oscillation can be approximated by φ(t ) Φ(t ) cos(m φ t ) where Φ is the oscillation amplitude decreasing proportional to a −3/2 ∝ t −1 , and m φ is the inflaton mass. As mentioned at the beginning of this section, its initial amplitude is Planckian Φ ini ∼ M pl . Plugging this approximated solution into Eq. (3) and treating the inflaton oscillation as a background, we arrive at the familiar Mathieu equation: (4) where
. (5) If the resonance parameter is larger than unity, |q | 1, the tachyonic resonance produces large Higgs fluctuations below a typical momentum, k /a p * ≡ |q | 1/4 m φ / x with x 0.85 [38] . Since the growth rate of Higgs fluctuations is rather power-law-like in this case, first few oscillations of inflaton would be important. Higgs fluctuations after the j th passage of φ ∼ 0 can be evaluated as
where Φ ini is an initial amplitude of the inflaton at the onset of oscillation, a numerical constant is estimated as µ 2, and n (t j ) ≡ j i =1 Φ(t i )/Φ ini denotes small time dependence growing logarithmically in time.
Long-wavelength modes of Higgs acquire a tachyonic effective mass, if the Higgs fluctuations exceed the effective mass term from the curvature coupling, 3 i.e. 3|λ|〈h 2 〉 m 2 eff ≡ ξR ∼ |q |m 2 φ with the over-line being an oscillating average andλ ∼ − (10 −2 ) being the negative four-point coupling of Higgs. 4 For a large-enough non-minimal coupling ξ, this inequality is fulfilled. Then, the Higgs field falls into 2 For other powers of inflaton potential, we may apply the following discussion by replacing m φ to V /φφ ∼0 for an order of magnitude estimation. 3 If the inflaton instantaneously decays into radiation in a dark sector that is sequestered from SM, the effective mass term from the curvature coupling vanishes, and also Higgs does not acquire the thermal mass. In this case, the vacuum decay is almost inevitable unless it is close to the conformal coupling ξ = 1/6. 4 The infrared scale of our system is at least the Hubble parameter which is much larger than h max . Therefore, we can use the running coupling constant above 10 10 GeV that is estimated asλ ∼ − (10 −2 ) [14, 15] .
the unwanted deeper minimum due to the tachyonic effective mass before the end of the resonance. If the vacuum survives the preheating stage, the resonance ends at |q | 1. 5 This consideration gives the following upper bound on ξ so that the vacuum does not decay during the resonance
If this condition is violated, the Higgs fluctuations immediately overcome the effective mass m 2 eff = ξR for a few oscillations of inflaton, m φ t dec ∼ 10.
If the non-minimal coupling lies in the following range, (0.1) ξ (10), our vacuum survives against fluctuations during inflation and the resonance. Still, as can be seen from Eq. (6), Higgs acquires large fluctuations comparable to or larger than the Hubble scale, though the oscillation-averaged mass term, m 2 eff = ξR, stabilizes the Higgs field at the electroweak vacuum right after the end of the resonance in this case. The dynamics of the Higgs after the resonance could be complicated, since the interactions with other SM particles become relevant at that time scale, contrary to the very short time scale of vacuum decay at the preheating stage, m φ t dec ∼ 10. As an illustration, let us neglect these effects and see what would be expected. Afterwards (|q | 1), the Higgs fluctuations decrease by the cosmic expansion, 〈h 2 〉 ∝ a −2 . The fluctuations become smaller than h max ∼ 10 10 GeV, at (m φ t stb ) ∼
where n end is evaluated at the end of resonance. Here we denote the time after which the Higgs fluctuations become smaller than h max as t stb . However, the effective mass term from the curvature coupling decreases faster, m 
Comparing t dec with t stb , one finds that the Higgs field may escape from the electroweak vacuum even after the end of the resonance, for instance in the case of ξ 1 for Φ ini M pl . Note again that production of other SM particles, like electroweak gauge bosons, is neglected. See discussion below. Several remarks are in order before presenting our model. First, note that the above bounds should be regarded as an order of magnitude estimation, and also, the bounds depend on a precise form of the chaotic inflation potential, given that the efficiency of resonance exponentially depends on the initial amplitude and the numerical constant n end µ. To obtain precise bounds on ξ and discuss its viable parameter space, we have to fix a model of chaotic inflation and solve the equations of motion numerically model by model. Second, in deriving these bounds, we have neglected production of other SM particles. 7 In particular, the decay of inflaton into SM particles which is required for a complete reheating could be important. Since the thermal mass of the Higgs decreases slowly m 2 th ∝ a −3/4 , it may stabilize the Higgs instead of m 2 eff = ξR after the preheating. 8 Yet, other SM particles also give potentially dangerous fluctuations to the Higgs, although it is known that the stabilization effect from the thermal mass is dominant for the observed SM parameters once the system is thermalized. Hence, this mechanism depends on thermalization processes, and further studies are required.
In the rest of this paper, we provide a simple cosmological solution where the vacuum is always stabilized during inflation, preheating, and afterwards in a wide range of ξ, regardless of details of thermalization processes and a chaotic inflation potential.
III. NEW INFLATION AFTER CHAOTIC INFLATION
Our model consists of SM with a sizable Higgs-curvature coupling, ξRĤ †Ĥ , and two inflations: one is a chaotic inflation providing the origin of density perturbations observed today, and the other is a new inflation to suppress the resonance at the preheating stage. As we will see, chaotic inflation dynamically solves the initial condition problem of the new inflation, and thus it is interesting to assume that the pre-inflation is governed by the chaotic one [29] . We only assume that the chaotic inflaton, φ, oscillates with a quadratic potential after inflation but do not specify its precise form at its large field value responsible for chaotic inflation, because it is irrelevant in the following discussion. We consider the following potential for the new inflation:
where M pl denotes the reduced Planck scale, v determines the scale of the new inflation and g , κ and are dimensionless couplings whose typical sizes are specified later. The first two terms respect a 2 -symmetry, ϕ → −ϕ, while the third term can be regarded as an order parameter of place. In the following discussion, we take two bench marks for κ: κ ∼ 2 and κ ∼ (0.1). 9 The predicted PBH spectra significantly differ from each other as we will see. To stabilize the new inflation potential during the chaotic one, a positive Hubble-induced mass term is required. For instance, the following interaction, int = −c 2 φ 2 ϕ 2 /2, suffices with c being a small coupling, c ∼ (10 −5 ), and φ being a real scalar field responsible for chaotic inflation. The initial condition of the new inflation is dynamically determined [29] by the balance between this term and the 2 -breaking term
where quantities with an over-line are averaged over oscillation period of φ. In the second similarity, we have used
pl , which is expected at the onset of the new inflation. 10 We have assumed that the coupling κ is smaller than unity, κ 1. One can see that the 2 -breaking term should be suppressed because of the condition ϕ ini < v [See also explanation below Eq. (15)].
Now we are in a position to discuss the inflationary dynamics of our model. After chaotic inflation, the inflaton, φ, oscillates around its potential minimum. After a period, t osc , the potential energy of ϕ dominates the Universe and the new inflation begins. We have the following relation between the new inflation scale, v , and the period, t osc :
15 GeV m φ 10 13 GeV 
with m φ being the mass of the chaotic inflation. On the other hand, the period, t osc , should be shorter than the time scale of vacuum decay, t dec , which depends on ξ as estimated in the previous section:
For the ξ dependence of t dec , see discussion around Eqs. (7) and (8) . Together with Eq. (11), this inequality puts a lower bound on the new inflation scale, v , as a function of ξ. If the bound is satisfied, the new inflation starts before the vacuum decay is triggered. In the following discussion, we take m φ t osc ∼ 10 as a reference. This value allows the nonminimal coupling as large as ξ ∼ (10). Soon after the new inflation sets in, the Higgs field immediately moves back to its origin because the sizable Hubble-induced mass term is generated by the potential energy of the new inflation, v 4 . 9 The value, κ ∼ 2 , means that the coupling κ is sufficiently small not to affect the dynamics of the new inflation. Also, one might expect κ ∼ 2 at least because the third term completely breaks 2 , even if κ is somehow suppressed at the beginning. 10 Here, for simplicity, we have taken a coupling c so that
The new inflation lasts till its slow roll conditions are violated. The potential slow roll parameters are given by
The slow roll regime ends at
Recalling Eq. (10), one can see that the 2 -breaking parameter should be so small, g 1/2 M pl /v 1, that the slow roll inflation takes place. The spectral index reads
The power spectrum is almost flat for κ ∼ 2 ≪ 1, while it is strongly red-tilted for κ ∼ (0.1). As we see in the next section, the PBH spectrum crucially depends on n s .
While the inflaton slowly rolls down from ϕ ini to ϕ end , the scale factor grows exponentially. The e -folding number of the new inflation is
where ϕ * ≡ (εv 2 M pl /8g ) 1/3 is a typical field value above which the g ϕ 4 term dominates over the linear term ϕ in the case of κ ∼ 2 . We have introduced an order-one constant C 2π/3 3. We assume that the chaotic inflation is responsible for the large-scale perturbations (k 1-10 Mpc −1 ) observed by Planck. Therefore, an upper bound on the e -foldings number of the new inflation is imposed:
where H R denotes the Hubble parameter at the reheating after the new inflation and H new = v 2 / 3M pl is the Hubble parameter during the new inflation.
The new inflation generates the curvature perturbations on small scales (k 1-10 Mpc −1 ). It can be much larger than the observed temperature fluctuations, which opens up a possibility to produce PBHs. The power spectrum of the new inflation, ζ , is given by
One can see that a smaller 2 -breaking parameter yields larger curvature perturbations. Sizable curvature perturbations, ζ ∼ (0.01), are generated for
In this case, we have the following upper bound on the coupling, g , so that the slow roll inflation occurs: g M 2 pl /v 2 . Note that an order-one coupling of α is close to the minimum value to avoid the eternal inflation
IV. REHEATING AND LEPTOGENESIS
After the new inflation, the inflaton ϕ oscillates around its potential minimum. Its mass scale is given by 
The resonance parameter, defined in Eq. (5), can be estimated as |q | ∼ 3 × 10 −4 ξ (v /10 15 GeV). Obviously, it is much smaller than unity and thus the broad resonance does not occur. In addition, since the cosmic expansion makes modes in the resonance band red-shifted away efficiently, q 2 m ϕ /H 1, even the narrow resonance may not take place. Although the resonance does not occur, some amount of Higgs fluctuations is generated perturbatively (via gravitational particle production [30] ), 11 for the curvature coupling imprints the ϕ-oscillation. The Higgs fluctuations are dominantly produced at the onset of ϕ-oscillation. We can estimate its dispersion as [39, 40] 
where we assume that V ∼ ϕ 2 term dominates the ϕ-oscillation. One can see that a typical Higgs field value is close to 10 11 GeV for parameters of our interest. Also, the Hubble parameter at the end of new inflation is around 10 11 GeV for v ∼ 10 15 GeV. Soon after the beginning of ϕ-oscillation, these scales become smaller than h max ∼ 10 10 GeV due to the cosmic expansion, while the effective mass stabilizes the Higgs field; ξR |λ|〈h 2 〉 withλ ∼ −0.01 for the best-fit values of SM parameters.
Finally, let us estimate the typical reheating temperature after the new inflation, and discuss the compatibility with the thermal leptogenesis. 12 Suppose that the new inflation interacts with the SM sector only through Plancksuppressed operators, which might be natural since we consider the extraordinary flat potential [Eq. . (28) The thermal leptogenesis [35] requires the reheating temperature T R 10 9 GeV [42] . Interestingly, this bound is satisfied in most of the parameter space in our model. This is because the new inflation scale, v , cannot be too small since otherwise the Higgs field might fall into the true minimum, as discussed around Eq. (11).
V. PRIMORDIAL BLACK HOLE AS DARK MATTER
Finally, we show that PBHs are easily formed during the new inflation, and that they can be a dominant component of DM. A PBH is produced, if an over-dense region overcomes the pressure that prevents it from collapsing into its Schwarzchild radius. Following the conventional arguments in Refs. [43, 44] , suppose a spherically symmetric over-dense region enters the cosmological horizon in the radiation-dominated era. In order for such an over-dense region to overcome the pressure, its size, R c , evaluated at a time when the over-dense region stops expanding, should be larger than the Jeans scale, H −1 / 3. The size is characterized by the density contrast at horizon crossing, δ ≡ (ρ −ρ)/ρ, as R c δ 1/2 H −1 . Hence, a PBH is expected to be formed in the radiation-dominated Universe, if the density perturbation at horizon crossing satisfies the condition; δ c < δ with δ c = 1/3. In this case, the mass of PBH is given by the horizon mass times a factor of 3 −3/2 0.2 [43] . There 12 The observed values of the top quark and Higgs masses are consistent with thermal leptogenesis, for the reheating temperature can be high enough without destabilizing the electroweak vacuum [16, 17] . Note here that the radiative corrections to the Higgs four-point coupling form the Yukawa coupling of the right-handed neutrinos become relevant only if the lightest right-handed neutrino is quite heavy, M 1 10 13 ∼ 14 GeV, as discussed in Ref. [41] .
have been many attempts to refine this simple analysis in literature [45] [46] [47] [48] [49] [50] [51] . In this paper, however, we simply assume that the mass of PBH is proportional to the horizon mass and take the traditional threshold δ c = 1/3 as a reference value. PBH is characterized by its mass and abundance. In the following, we briefly discuss how the new inflation parameters are related to them, and show that PBH can be a dominant component of DM [52] . As explained above, the mass of PBH which is formed in the radiation dominated Universe is estimated as
3 × 10 25 g γ 0.2
where H re is the Hubble parameter at horizon re-enter of the over-dense region, γ is a numerical constant given by γ = 3 −3/2 0.2 in the simple analytical calculation [43] , and N new (ϕ) is the e -folding number of a mode that exits the horizon at ϕ [Eq. (17)]. Eq. (29) shows that the PBH mass strongly depends on the e -folding number. Hence, the mass can be controlled by the coupling, g , while other parameters are fixed [See Eq. (18)]. The comoving momentum that exits the horizon at ϕ can be expressed as k (ϕ)/k (ϕ ini ) = e Nnew(ϕini)−Nnew(ϕ) . Inverting this monotonically increasing function, we obtain ϕ(k ) at least numerically. In this way, we can also write the PBH mass as a function of comoving momentum k : M (k ). Note here that Eq. (19) puts an upper bound on the PBH mass, and also that the expression given in Eq. (29) is valid for M > 4πγM 2 pl /H R because we have assumed that PBHs are formed in the radiation dominated era.
The abundance of PBH is characterized by its mass fraction defined as β (M ) ≡ ρ PBH (M )/ρ at its formation over logarithmic mass interval, d ln M . Assuming that the curvature perturbation follows the Gaussian statistics, one can estimate β as
Here δ c is the threshold of PBH formation and we take δ c = 1/3 as a reference value. σ(M ) is the standard deviation of the density contrast δ associated with a PBH of mass M . It is given by the coarse-grained curvature perturbation [53, 54] 
where W denotes the Fourier transform of a window function smoothing over a scale k
M , k M is a comoving momentum that corresponds to a PBH of mass M (k M ), and denotes the power spectrum of the comoving curvature per-turbation. Note that it coincides with that on uniform density hyper surface, ζ , well outside the horizon. In the following analysis, we take the Gaussian window function: W (x ) = e −x 2 /2 . It is instructive to see its typical behavior before going into details. A flat power spectrum, = A 0 , yields a flat mass variance with σ 2 = (8/81)A 0 . Also, a power law spectrum, = A 0 (k /k 0 ) ns −1 , gives a power law mass variance, σ 2 = (8/81) Γ((n s +3)/2) A 0 (k M /k 0 ) ns −1 . Therefore, as can be seen from Eqs. (16) and (21), the mass variance is almost constant for M M (ϕ * ) in the case of κ ∼ 2 ≪ 1, while it is strongly peaked at M ∼ M (ϕ ini ) in κ ∼ (0.1):
, (34) with M M (ϕ * ).
Now we are in a position to estimate the present abundance of PBHs. The density parameter of PBHs over a logarithmic interval d ln M for each mass M can be expressed in terms of the mass fraction β (M ):
106.75
where the subscript "eq" indicates quantities evaluated at the matter-radiation equality, Ω m is the current density parameter of matter, T re represents temperature at horizon reentry, and g * is the relativistic degree of freedom in thermal plasma. After the formation of PBH at horizon re-entry, the energy density ratio of PBHs to radiation grows proportional to the scale factor because PBHs behave as matter. The lighter PBHs that enter the horizon earlier become more abundant than the heavier one. The additional factor, 1/M 1/2 , reflects this observation. Integrating it with respect to d ln M , we obtain the total abundance of PBH
The density parameter of DM is Ω c h 2 = 0.1198 (15) [6] . Hence, PBHs can be a dominant component of DM, if the mass fraction is around β ∼ (10 −15 ∼ −12 ) for M ∼ (10 20 ∼ 26 ) g, where the observational constraints are not so severe [55] . This range of mass fraction corresponds to a mass variance of σ 2 ∼ (10 −3 ), which indicates the 2 -breaking parameter = αv 2 /M 2 pl with α ∼ 1, as already mentioned around Eq. (23) . One can see that the size of the 2 -breaking parameter determines the abundance of PBHs. Note here that, to suppress the Higgs fluctuations, which are generated during the chaotic inflaton oscillating regime, a larger new inflation scale and e -folding number of the new inflation is desirable. If these parameters are quite large, PBHs with an interesting mass range could be generated [55] [56] [57] [58] [59] [60] [61] [62] . The constraints from star formation [61] and neutron star capture [62] are shown in a gray shaded region with dotted and dashed lines. This is because, as claimed in Ref. [63] , the amount of DM inside globular clusters is assumed to be larger than the standard value and it seems to be questionable. We take v = 10 15 GeV, g = 65, and α = 0.61. While its abundance for each mass is one order of magnitude smaller than that required for DM, the total abundance is comparable: Ω PBH, tot Ω c . Note that the pulsar timing constraints [64] [65] [66] [67] [68] may be severe for PBHs around the solar mass (See Note added). Even if this is the case, we can easily evade it by taking a different parameter set (e.g. v = 10 15 GeV, g = 82, and α = 0.637), which does not yield such heavy PBHs but still can be a dominant component of DM. Details on gravitational waves (GWs) signature of our model will be presented elsewhere [69] . The reheating temperature after new inflation is estimated by a dimension five Planck-suppressed decay Eq. (28).
[Eq. (29) ]. Also, as indicated in Eq. (18), a larger e -folding number might correlate with a smaller 2 -breaking parameter for a fixed g ∼ (1), which opens up possibilities to produce PBHs with a sizable amount.
Finally, to be concrete, we demonstrate that PBHs can be indeed a dominant component of DM in two benchmarks; κ ∼ 2 and κ ∼ (0.1). We will see that the resulting spectra of PBHs dramatically differ from each other. The reheating temperature after the new inflation is estimated by a dimension five Planck-suppressed decay Eq. (28) .
In the case of κ ∼ 2 , the mass variance is almost flat for
, while it rapidly drops well below M M (ϕ * ), as can be seen from Eqs. (34) and (21) . Also, Eq. (18) suggests that most of the e -foldings number during the new inflation is generated in the slow roll from ϕ ini to ϕ * . Since the PBH mass is proportional to e 2Nnew(ϕ) , the mass fraction is flat in an extremely wide range of PBH mass, even over ten orders of magnitude for N new ∼ (10). As a result, even though the abundance of PBHs per logarithmic mass interval, Ω PBH (M ), is one order of magnitude smaller than that required to be DM, its total abundance can be comparable to the present DM density, Ω PBH, tot Ω c . Fig. 1 shows the present abundance of PBHs per logarithmic mass interval divided by that of DM, Ω PBH /Ω c , as a function of mass for one example of parameters which realize this interesting situation, together with observational constraints [55] [56] [57] [58] [59] [60] [61] [62] .
Note that the constraints from star formation and neutron star capture, shown in gray shaded regions with dotted and dashed lines, may be questionable, since the assumption on the amount of DM inside globular clusters is stronger than the standard argument, as claimed in Ref. [63] . Here we take v = 10 15 GeV, g = 65 and α = 0.61. One can see that a sizable amount of PBHs is produced in an extremely wide range of mass, 10 20 g M 10 30 g. Though its typical abundance for each mass is one order of magnitude smaller than that of DM, its total abundance is comparable Ω PBH, tot Ω c . The spectrum has a maximum at around M ∼ 10 24 g because the lighter PBH dominates the abundance for the flat spectrum with M (ϕ * ) M M (ϕ ini ) while the predicted mass fraction quickly drops for M M (ϕ * ). Note that the pulsar timing constraints [64] [65] [66] [67] [68] may be severe for PBHs around the solar mass because a large amount of gravitational waves (GWs) are produced as a second order effect [70, 71] (See Note added). Even if this is the case, we can easily evade it by taking a different parameter set (e.g. v = 10 15 GeV, g = 82 and α = 0.637), which does not yield such heavy PBHs but still can be a dominant component of DM. Details on GWs signature of our model will be presented elsewhere [69] .
On the other hand, in the case of κ ∼ (0.1), the mass variance has a sharp peak at M ∼ M (ϕ ini ) as can be seen from (34) . This is because the power spectrum is strongly red-tilted, n s − 1 −2κ, due to a sizable κ. In this case, the total abundance is dominated by this peak and well approximated by Ω PBH, tot Ω PBH (M (ϕ ini )). Fig. 2 shows the present abundance of PBHs per logarithmic mass interval divided by that of DM, Ω PBH /Ω c , as a function of mass, together with observational constraints [55] [56] [57] [58] [59] [60] [61] [62] . If we completely neglect the constraints from neutron star capture and star formation, PBHs can be a dominant component of DM even for the sharp spectrum. In this case, it is clear that the abundance of PBHs is dominated by the sharp peak at around M ∼ M (ϕ ini ) ∼ 10 23 g. Here we take v = 10 15 GeV, g = 0.30, α = 0.415, and κ = 0.25.
VI. CONCLUSIONS
In this paper, we have provided a simple cosmological solution where chaotic inflation and the metastable electroweak vacuum are compatible. Our scenario involves the SM plus a sizable Higgs-curvature coupling, ξRH † H , and two inflations; chaotic inflation and new inflation.
The curvature coupling naturally stabilizes the Higgs field during the chaotic inflationary era, since the Higgs field universally couples to the would-be inflatons. Chaotic inflation generates the origin of density perturbations observed by Planck, and also dynamically solves the initial condition problem of the new inflation. The new inflation plays an essential role to suppress the Higgs fluctuations after inflation. After chaotic inflation, the Higgs field acquires large fluctuations because the curvature coupling oscillates violently. We have shown that if the new inflation scale is sufficiently close to the chaotic one, the Higgs field soon relaxes to the potential origin due to the Hubble-induced . We take v = 10 15 GeV, g = 0.30, α = 0.415, and κ = 0.25. The total abundance of PBHs is dominated at the sharp peak, M ∼ 10 23 g. The constraints from star formation and neutron star capture are questionable, for the assumed amount of DM inside globular clusters is larger than the standard value [63] . Here, we completely neglect the constraint from neutron star. The reheating temperature after new inflation is estimated by a dimension five Planck-suppressed decay Eq. (28) . mass term during the new inflation without spoiling the stability of the electroweak vacuum. Also, we have shown that the production of the Higgs after the new inflation is suppressed because the oscillation amplitude of inflaton is much smaller than the Planck scale, contrary to the chaotic one. Therefore, the electroweak vacuum survives during and after inflation.
One possible drawback of this model may be the coincidence of two inflation scales. Generally speaking, there is no a priori reason to expect that the new inflation scale should be close to the chaotic one, in the context of double inflation scenarios proposed to solve the initial condition problem of new inflation. However, from another viewpoint, it yields an interesting consequence. As explained, the electroweak vacuum becomes to be stabilized, if the new inflation scale is sufficiently high. Therefore, it naturally predicts the high reheating temperature. For a dimension five Planck-suppressed decay of the inflaton, the predicted reheating temperature is compatible with the thermal leptogenesis in most of the parameter regions.
In addition, we have shown that the new inflation naturally yields PBHs in our model. This is because a larger e -folding number of the new inflation, which is desirable to relax the Higgs field, would correlate with a smaller 2 breaking parameter, , for a fixed g ∼ (1). For a smaller orders of magnitude. In this case, although its abundance per each mass is much smaller than that required to be a dominant component of DM, its total abundance can be large enough. On the other hand, for the sharp spectrum, the abundance is solely dominated by the peak mass. In both cases, we have demonstrated that PBHs can be a dominant component of DM marginally satisfying observational constraints.
Note added. -GWs can be used as a useful probe for PBHs as DM because large scalar perturbations required for the formation of PBHs generate a substantial amount of GWs as a second-order effect [70, 71] . A typical value of the GW density parameter may be estimated as Ω GW h 2 ∼ 10 −9 ( ζ /10 −2 ) 2 and the typical frequency is related to the PBH mass as f GW ∼ 3 × 10 −9 Hz (M /M ) −1/2 [70, 71] . Also, a merger of a PBH binary provides another source of GWs [72] ; the GW event observed by LIGO [73] might be the case as discussed in [74] [75] [76] . Those GWs can be probed by pulsar timing experiments at very low frequency f GW ∼ 10 −9 -10 −6 Hz [64] [65] [66] [67] [68] , by space-based detectors at low frequency f GW ∼ 10 −5 -10 Hz [77] [78] [79] , and by ground-based detectors at high frequency f GW ∼ 10-10 2 Hz [80] [81] [82] [83] .
Since our model can yield a sizable amount of PBHs in an extremely wide range of its mass, discovery of continuous spectrum of such BHs in a low-mass regime could be its signature. Moreover, in our model, PBHs are generated from large scalar perturbations during inflation, and hence GWs produced via those scalar fluctuations should be correlated with the abundance of PBHs. Therefore, it is interesting to calculate the resulting GW spectrum and discuss its signature [69] .
